Transient surface heat flux measurements were performed at several locations on the cylinder head of a divided-chamber diesel engine. The local heat flux histories were found to be significantly different. These differences are attributed to the spatial nonuniformity of the fluid motion and combustion. Both local time averaged and local peak heat fluxes decreased with decreasing speed and load. Retarding the combustion timing beyond TDC decreased the peak heat flux in the antechamber but increased the peak heat flux in the main chamber. This is attributed to the relative increase in the portion of fuel that burns in the main chamber with retarded combustion timing.
Introduction
Despite a relatively large number of studies dealing with transient heat transfer in open-chamber diesel engines [1] [2] [3] [4] [5] [6] [7] , corresponding investigations in divided-chamber diesel engines have been very few [8] [9] [10] . Of these, Knight [8] presented very limited data, and Hassan [9] investigated only motored conditions in an experimental, low-compression ratio, divided-chamber engine with spherical antechamber geometry. Kamel [10] (see also Kamei and Watson [11] ), on the other hand, performed a detailed study of transient heat transfer in a high-swirl, divided-chamber engine. Heat flux measurements were made at a location in the antechamber (hot plug) and at a location in the main chamber. The engine variables examined were engine speed (1320 to 2800 r/min), load (100 and 40 percent) and injection timing (2°, 7°, and 12°B
TDC.
The objectives of this investigation were twofold: first, to obtain time-resolved, surface heat flux measurements at several locations on the cylinder head of a divided-chamber diesel engine, and second, to examine the influence of the principal operational parameters of the engine on the local heat flux histories.
Apparatus and Procedure
Engine. The heat flux measurements were performed in a 0.72-L experimental, single-cylinder, divided-chamber diesel engine. The characteristic dimensions of the engine are given in Table 1 . The cylinder head was specially designed to allow the introduction of four heat flux probes and two pressure transducers. Two of the probes, designated as TM1 and TM2, were located in the main chamber, and the other two probes, designated as TSI and TS2, were located in the antechamber. The locations of the probes relative to the valves, cylinder, and antechamber are shown in Fig.  1 . Of the two main chamber probes, TM1 was located between the valves and in line with the antechamber passage, and TM2 was located near the periphery of the cylinder and to the side of the throat. Both of the antechamber probes, TS1 and TS2, were located in the upper half of the antechamber. Probe TS1 was in the Plane containing the fuel injector and the centerline of the connecting passage (see section AA, Fig. 1 ). The location TS2 was used for limited tests only.
Heat Flux Probes. The heat flux probes were fast-response, surface thermocouples of the Bendersky type [12] Contributed by the Heat Transfer Division for publication in the JOURNAL OF HEAT TRANSFER. Manuscript received by the Heat Transfer Division April 6, 1984. cylinder head. The diameter of the tip of the probe was 6.4 trim. The surface thermocouples have a response time of the order of 1 to 10 µs. The second thermocouple ("in-depth" thermocouple) was used to measure the time-averaged component of heat flux q. which is given by the following expression (1) where K is the thermal conductivity of the probe material, δ is the distance of the "in-depth" thermocouple from the surface of the probe, and T(0) and T(δ) are the time-averaged temperatures at the surface (x = 0) and at a distance x = δ from the surface. The heat flux probes were calibrated in a separate calibration rig which consisted of a water-cooled, high-intensity radiation source (36 kW), a reference heat flux sensor (Hy-Cal asymptotic watercooled calorimeter), and a holder where the heat flux probe to be calibrated is mounted. The mounting of the heat flux probes in the holder was identical to the mounting of the probes in the cylinder head. The magnitude of the incident radiant heat flux to the probe was measured by the calorimeter. The surface absorptivity of the calorimeter (a = 0.89) was assumed to be approximately equal to the surface absorptivity of the heat flux probes whose surfaces were blackened by exposing them to the combustion gases of the engine chamber. Based on this assumption, no corrections for reradiation and reflection of radiation were made.
The calibration procedure consisted of exposing the heat flux probes to known, steady-state levels of radiant heat flux and measuring the corresponding temperature difference [T(0)-T(δ)]. With this procedure the quotient K/δ is evaluated, since neither the thermal conductivity of the probe material K nor the distance of the "in-depth" thermocouple is precisely known.
Measurements.
At each operating condition, after the engine was completely warmed and operating at steady state, the temporal variations of pressure in the main chamber and surface temperatures at three locations on the cylinder head (mostly at locations TM1, TM2 and TS1) were recorded for 100 consecutive cycles. From the transient surface temperature measurements and the corresponding temperatures of the "in-depth" thermocouples, the variation of heat flux during the engine cycle was calculated at each location.
Tests were performed for a wide range of engine speed (1000 to 3000 r/min), fuel-air ratio (0 to 0.040), and start of combustion (TDC to 10° ATDC) using No. 2 diesel fuel. The start of combustion was determined using a flame-luminosity probe located in the glow-plug position. The baseline conditions are shown in Table 2 .
Results and Discussion
Surface-Temperature Measurements. Figures 2 and 3 show the temporal variations of the surface temperatures at TM1 1 1 The designations of the location of the probe, the probe itself, and the temperature at that location are identical. and TS1, respectively, for different fuel-air ratios and an engine speed of 1000 r/min during the time interval in the compression and expansion strokes of 60° BTDC (300° CA) to 100° ATDC (460° CA). As demonstrated in both figures, increasing the fuel-air ratio increased the overall surface temperature level and increased the temperature swing. At full load, the temperature swing during the engine cycle was about 10°C. An interesting point shown in Figs. 2 and 3 is that the peaks in the surface temperatures at locations TM1 and TS1 occurred later in the cycle as the fuel-air ratio was increased. This indicates that the combustion schedule of the fuel is retarded with increasing fueling rate. One should be reminded that the start of combustion (combustion timing), unless otherwise stated, was kept fixed at TDC. Surface Heat Flux Measurements. In reciprocating internal combustion engines, the combustion-chamber surface heat flux may be represented by two components: the steady-state or timeaveraged component, which can be evaluated from time-averaged temperature measurements at two known positions within the walls of the combustion chamber (e.g., see equation (1)), and the unsteady component, which can be Comparison of heat flux histories at TM1, TM2 and TS1 at motored conditions and an engine speed of 1000 r/min evaluated from the measured cyclic surface-temperature variation.
The method of calculating the unsteady heat flux from transient surface-temperature measurements has been described in several studies [13] [14] [15] . Briefly, the measured cyclic surface-temperature variation is represented by a Fourier series of sine and cosine terms. The surface heat flux is then derived from the solution of the onedimensional, unsteady heat-conduction problem with a timevarying surface temperature described by the foregoing harmonic analysis.
The method of calculating heat flux from temperature measurements (this includes the steady and unsteady components) assumes that the flow of heat in the combustion chamber walls is one-dimensional. In general, this is not true in engines [16] . However, the use of air gaps around the heat flux probes causes the flow of heat through the probes to be approximately one dimensional. Other errors associated with the measurement of heat flux in engines were discussed in [17] .
A comparison of the temporal variations of the local heat fluxes at TM 1, TM2, and TS1 for motored conditions and for an engine speed of 1000 r/min is shown in Fig. 6 . The local heat fluxes peaked near TDC. Because of the high swirl flows present in the antechamber, the highest peak heat flux was measured at TS1, followed by the heat fluxes at TM1 and TM2. The observed spatial variations of the surface heat flux are primarily attributed to differences in the flow field in the vicinity of the measurements.
The influence of engine speed on the local heat flux history of TS1 is shown in Fig. 7 for motored conditions. Increasing the engine speed increased the characteristic velocity in the cylinder, which increased the convective coefficient and consequently the surface heat flux.
Comparison of the heat flux data for motored conditions obtained in this study with the corresponding data obtained by Kamel and Watson [11] showed that their magnitudes of the peak heat fluxes were higher by a factor of 2 to 4. This large difference in the measured heat flux level is primarily due to the difference in the magnitudes of the air velocities in the two combustion chambers and the difference in the locations of measurement of the two studies. The engine used by Kamel and Watson [11] had a Ricardo-Comet anterchamber Fig. 7 The influence of engine speed on the heat flux history at TS1 (motored conditions) Fig. 8 Comparison of the heat flux histories at TM1, TM2 and TS1 for fuel-air ratio of 0.040 and an engine speed of 1000 r/min that has a reported swirl ratio (angular velocity of air/angular speed of the engine crankshaft) of 20 to 70 [18, 19] with a more typical value of 40. In contrast, the engine used in the present study had a low-to-moderate swirl antechamber with swirl ratio of 10 to 20 [20, 21] .
Comparison of the heat flux histories at TM1, TM2, and TS1 for an engine speed of 1000 r/min and fuel-air ratio of 0.040 is shown in Fig.8 , respectively. As is apparent, the heat flux histories at fired conditions are characterized by double peak variations. The first peak, which in general is lower in magnitude, occurs near TDC (360° CA) and is due to compression (compression peak). The second peak, which occurs later in the cycle and is strongly dependent on location, is caused by combustion. In agreement with the heat flux measurements for motored conditions (e.g., see Fig.6 ), the peak heat flux due to compression was highest at TSI, followed by TM1 and TM2. On the other hand, in the case of the peak heat flux due to combustion, the highest heat flux was at TM1, followed by TS1 and TM2. Furthermore, in contrast to locations TS1 and TM2, the peak heat flux due to combustion at TM1 is several times larger than the corresponding peak heat flux due to compression. It is apparent from Fig.8 that combustion affects the local surface heat flux histories significantly. The greatest influence of combustion is exhibited at TM1 because this location experiences the convective heating action of the hot combustion gases entering the main chamber from the antechamber during expansion. In relation to this, it is very interesting that the start of the second peak at location TM1 is well defined and occurs at about 20° CA ATDC. Thus one may conclude that TM1 senses the combustion gases entering the main chamber at about 20° CA ATDC. This has also been verified by luminosity measurements at the same location.
The effects of engine speed on the heat flux histories at locations TS1 and TM1 are shown in Figs. 9 and 10, respectively. All tests were run at a fuel-air ratio of 0.022 and the start of combustion at TDC. Increasing the engine speed significantly increased the heat flux levels at the two locations. However, the interval of high heat flux, expressed in crank angle degrees, appears to remain roughly constant. This suggests that the duration of combustion scales roughly inversely with engine speed.
A most interesting feature exhibited by the heat flux histories at TM1 is that the start of the second heat-flux peak and the initial stage of the rise in the heat flux due to combustion is independent of engine speed. This may suggest that the initial stage of outflow of gases from the antechamber is not significantly affected by engine speed. Figures 11-13 show the influence of combustion timing on the heat flux histories at locations TS1, TM1, and TM2. All tests were performed at an engine speed of 1000 r/min and a fuel-air ratio of 0.022. Retarding the combustion timing ATDC significantly decreased the peak heat flux due to combustion at location TS1. Retarding the combustion timing after TDC causes reductions in gas pressure and combustion temperature, which reduce the rate of heat transfer. The heat flux history at location TM1 in the main chamber is not significantly affected by combustion timing, even though retarding the combustion timing decreased the peak heat flux due to combustion and retarded the heat-flux history due to combustion experienced by TM1.
In contrast to the results at TM1, the peak heat flux due to combustion at TM2, the other main-chamber location, increased significantly with retarded combustion timing. The observed different behaviors of the heat flux histories at locations TS1 and TM2 with combustion timing suggest that as the combustion timing is retarded, a proportionally larger amount of unburned fuel enters the main chamber, where it mixes and burns. The increase in the amount of fuel that burns in the main chamber causes the observed increase in the surface heat flux with retarded combustion timing.
Conclusions
Transient surface heat flux measurements were performed at several locations on the cylinder head of a single-cylinder, dividedchamber diesel engine. The operational parameters of the engine examined and their ranges were: engine speed (1000 to 3000 r/min), fuel/air ratio (0 to 0.040), and combustion timing (TDC to 10° ATDC). Based on the results of this investigation, the following conclusions were reached:
1 The time histories of the local heat fluxes were significantly different at the three locations of measurement. These differences are attributed to the spatial nonuniformity of the fluid motion and combustion.
2 For motored conditions, due to the high swirl flows present, the highest heat flux was measured in the antechamber.
3 For fired conditions, the highest heat flux levels were measured at the location in the main chamber between the valves and in line with the throat of the antechamber. These high heat fluxes were attributed to the convective action of the high-temperature combustion gases exiting the antechamber during the early stages of the expansion stroke.
4 Both local time-averaged and local peak heat fluxes decreased with decreasing speed and load. Retarding the combustion timing beyond TDC decreased the peak heat flux in the antechamber but increased the peak heat flux in the main chamber. This is attributed to the relative increase in the portion of fuel that burns in the main chamber with retarded combustion timing.
In closing, one should be cautioned that, because of the extreme difficulties associated with the estimation of errors in the measurement of surface heat flux in the combustion chamber of a diesel engine, no error analysis of the heat flux measurements presented in this study was performed.
